We demonstrate experimental chaos synchronization between two chaotic semiconductor lasers subjected to polarization-rotated optical feedback and unidirectional injection. This system allows high-quality synchronization to be obtained between dissimilar lasers in a wide range of chaotic operating regimes. Another feature of this system is its operation at high characteristic frequencies, taking advantage of all-optical implementation. Time series and RF spectra showing synchronization are confirmed by high correlation coefficients in excess of 0.85.
Chaos synchronization 1 has attracted significant attention both as a fundamental phenomenon of nonlinear dynamics and as a mechanism for encrypted communications. Optical systems, especially semiconductor lasers, are considered leading candidates for secure communication applications due to their high characteristic frequencies as well as their natural overlap with existing optical communication technologies. In addition, by use of delayed feedback, highly complex chaotic dynamics can be produced in the transmitter, thereby increasing security. Many studies have demonstrated the potential of laser systems for encoding, transmitting, and decoding information by forcing the receiver to synchronize to the chaotic carrier of the transmitter. 2 -4 Effective chaos communication relies on successful synchronization.
To achieve high-quality synchronization, closely matched transmitter and receiver systems are often required. In semiconductor lasers with normal optical feedback, detunings must be minimized 5 and the linewidth-enhancement factors made as similar as possible. However, close matching of such materialdependent parameters might not be accomplished with economic eff iciency on a scale of mass production. Thus it is important to study systems with synchronization properties that are less dependent on parameter mismatch, such as lasers with phaseinsensitive feedback (sometimes referred to as incoherent feedback). One example is semiconductor lasers with delayed optoelectronic feedback, a system that displays chaos and has been synchronized. 6, 7 However, in this case the bandwidth of the electronics typically falls far short of the frequencies of which the lasers themselves are capable.
In our experiment we study two semiconductor lasers, with the transmitter subjected to delayed optical feedback and the receiver subjected to unidirectional optical injection. The linear polarization states of both feedback and injection beams are rotated orthogonally to the naturally supported laser modes.
This all-optical system does not suffer from electronic bandwidth limitations, and thus the full frequency range inherent to the semiconductor laser is available. Furthermore, the basic bifurcation structure for the transmitter is described with a mathematical model that is isomorphic with the optoelectronic system, 8 -10 and the full system has been investigated numerically as a candidate for chaos communications. 11, 12 The purpose of this Letter is to present a f irst experimental demonstration of chaos synchronization in the system of diode lasers with polarization-rotated optical feedback and unidirectional injection.
The experiment consists of a transmitter laser that is driven into chaos by use of polarizationrotated delayed feedback and a receiver laser that is synchronized with the chaotic transmitter through unidirectional injection of a polarization-rotated beam, as illustrated in Fig C. However, similar results are obtained when the wavelength of LD2 is varied by 61 nm through temperature changes, suggesting that the synchronization is not critically dependent on wavelength matching between the two lasers.
The horizontally polarized beam emerging from LD1 is collimated by a lens (CL1) with a numerical aperture of 0.47, then enters a Faraday rotator (ROT) whose input polarizer is removed. The beam's polarization rotates 45
± and exits through the output polarizer with its transmission axis set at 45 The intensity dynamics of LD1 are measured after the plate beam splitter, which directs 30% of the incident light to an ac-coupled photodetector (PD1) with a bandwidth of 8.75 GHz (Hamamatsu C4258-01 ). An identical photodetector (PD2) measures the receiver laser's behavior by detecting its horizontally polarized beam that passes straight through the PBS. Neutral-density f ilters attenuate both beams to limit the power incident on the photodetectors. The signals are amplif ied with ac wideband (10 kHz to 12 GHz) microwave amplif iers (AMP) with 23-dB gain and are displayed either on a RF spectrum analyzer (Agilent E4405B, 13.2-GHz bandwidth) or a high-speed digitizing oscilloscope (LeCroy 8600, 6-GHz bandwidth, and 50-ps sampling interval).
The experimental data presented in this Letter illustrate the chaos synchronization between the two lasers in two different operating regimes. For each case we characterize the strength of the feedback or injection beam by measuring the intensity of the light reaching the front facets of the lasers. For LD1 this is effectively the external-cavity round-trip transmission T ext , and for LD2 this is the transmission through the injection arm T inj , expressed as a percentage of the output power of LD1.
Experimental time series data are shown in Fig. 2 . Each graph shows two traces of laser intensity versus time; thick gray curves and thin black curves represent LD1 and LD2, respectively. For ease of visual comparison we scaled and shifted the vertical and horizontal axes for each pair of time series data. Vertically, we scaled the data by subtracting the mean, then normalizing the variance of each time series to unity. Horizontally, the time axes between LD1 and LD2 were shifted such that synchronized behavior between the lasers appears simultaneously on the graphs, accounting for the various propagation delays in the system. With these scalings, synchronization is apparent. Figure 2(a) shows the case in which T ext 9.6% and T inj 19.0%. For Fig. 2(b) we increase the feedback but hold the injection to the same level: T ext 23.3% and T inj 19.0%. Both feedback levels place the transmitter well into the chaotic regime.
To quantify the degree of synchronization in these data, we compute the maximum cross-correlation coefficient S between each pair of time series using the time-shifted function
where P 1 and P 2 are the powers of LD1 and LD2, respectively, and Dt is the time shift. For the data in Figs. 2(a) and 2(b) we obtain maximum values of S 0.86 and 0.85, respectively. The duration over which the cross correlations are computed is ϳ95 ns, which is much longer than the segments displayed in Fig. 1 . The high degrees of correlation indicate good experimental synchronization. After accounting for propagation times from the laser facets along their respective detection paths, we calculate that time shift Dt for maximum correlation is close to injection time t inj , which indicates that we observe driving synchronization. This result will bear further investigation, since only lag or anticipative synchronization has been reported in the incoherent numerical model that was applied to this system. This suggests that perhaps a more complex dynamical model might be required 13 to take into account both modes of polarization. Indeed, recent experimental polarization-resolved threshold measurements indicate that the suppressed polarization mode does lase in the presence of the rotated feedback or injection. This issue will be discussed in detail in the future.
As an alternative means of visualizing the experimental synchronization, we plot the time series data of LD2 versus LD1 at the optimum time shift. This is shown in Figs. 3(a) and 3(b) , which correspond to the same operating conditions as their counterparts in Figs. 2(a) and 2(b) . In both cases the data lie along the diagonal. It is interesting to note that in Fig. 3(b) there is a density of points in the low-power region, indicating that the lasers are in a regime of pulsating dynamics, as compared with Fig. 3(a) , which has a more oscillatory character. Figure 4 displays RF power spectra, which provide further conf irmation of synchronization and help characterize the differences between the two operating regimes. As in Fig. 2 , thick gray curves and thin black curves represent LD1 and LD2, respectively. Figures 4(a) and 4(b) again correspond to the two regimes described previously. In Fig. 4 (a) a broad spectrum with a peak near 3 GHz appears, which is approximately the relaxation oscillation frequency of both lasers. Characteristic of chaotic dynamics, the spectra show a significant power gain at all frequencies relative to free-running baseline spectra with no feedback or injection. In Fig. 4(b) there again is broadband power gain but also the presence of several more-dominant frequencies in both spectra. The frequency separation between adjacent peaks is 320 MHz. This value is close to but slightly less than the external-cavity fundamental frequency of 370 MHz, which is in agreement with the findings of Ref. 10 .
In conclusion, we have demonstrated chaos synchronization in an experimental system of semiconductor lasers with polarization-rotated feedback and injection. Time series and synchronization plots illustrate the effective time-domain synchronization, and RF power spectra and calculated correlation coefficients of 0.85 or greater affirm the interpretation. This synchronization has been accomplished in two lasers with dissimilar operating characteristics in two different chaotic operating regimes.
